Abstract.
Introduction
The minimal supersymmetric Standard Model (MSSM) has over 100 undetermined parameters, which are mainly associated with the breaking of supersymmetry. However, it is often assumed that the soft supersymmetry-breaking parameters have some universality properties. These may include the universality of gaugino masses, M a = m 1/2 , trilinear supersymmetry-breaking mass parameters, A f = A 0 , and soft scalar masses. m 2 ij = δ ij m 2 0 . The simplified version of the MSSM in which universality in input at the grand unification scale is called the constrained MSSM (CMSSM) [1, 2, 3, 4, 5, 6, 7, 8] . The sparticle spectrum is run down to the electroweak scale and radiatively induces electroweak symmetry breaking (EWSB).
Minimization of the Higgs potential leads to two conditions at the weak scale which can be expressed as
and Bµ = (m 
where µ is the Higgs mixing parameter, B is the associated supersymmetry-breaking bilinear mass, tan β is the ratio of the two Higgs vacuum expectation values, and ∆ B and ∆ (1, 2) µ are loop corrections [9, 10, 11] . The combination Bµ can be related to the Higgs pseudo-scalar mass, m A . While one can choose to include B and µ (or m A and µ) as free input parameters and calculate the two Higgs expectation values, or m Z and tan β, it is more common to use these equations to calculate µ and B upon assuming a value of tan β and the measured value of m Z . Thus upon assuming radiative electroweak symmetry breaking, the CMSSM is a 4 parameter theory (m 1/2 , m 0 , A 0 and tan β). In addition the sign of the µ term must also be specified.
An often considered generalization of the CMSSM allows for non-universal Higgs masses (NUHM) [12, 13, 14] . By allowing, both Higgs soft masses m 1 and m 2 to differ from m 0 (NUHM2), one can effectively choose both m A and µ as free parameters as is seen from the electroweak conditions given above. One may also choose a subset of these models and take m 1 = m 2 = m 0 in which case either m A or µ can be chosen in addition to the four CMSSM parameters (NUHM1).
It is also possible to consider a very constrained version of the MSSM (VCMSSM) [15] by applying the relation B 0 = A 0 − m 0 as expected from minimal supergravity [16] . In this case, µ and tan β are derived from the electroweak vacuum conditions and the theory has only three free parameters (and the sign of µ). True models based on minimal supergravity (mSUGRA) impose in addition the relation between the gravitino mass and m 0 , namely m 3/2 = m 0 . In these models, it is often the gravitino which ends up as the lightest supersymmetric particle (LSP) and therefore the dark matter candidate.
For given values of tan β, A 0 , and sgn(µ), the regions of the CMSSM parameter space that yield an acceptable relic density and satisfy other phenomenological constraints may be displayed in the (m 1/2 , m 0 ) plane. In Fig. 1a , the dark (blue) shaded region corresponds to that portion of the CMSSM plane with tan β = 10, A 0 = 0, and µ > 0 such that the computed relic density yields the WMAP value [17] of Ωh 2 = 0.111 ± 0.006.
The bulk region at relatively low values of m 1/2 and m 0 , tapers off as m 1/2 is increased. At higher values of m 0 , annihilation cross sections are too small to maintain an acceptable relic density and Ω χ h 2 is too large. At large m 1/2 , co-annihilation processes between the LSP and the next lightest sparticle (in this case theτ ) enhance the annihilation cross section and reduce the relic density. This occurs when the LSP and NLSP are nearly degenerate in mass. The dark (red) shaded region has mτ < m χ and is excluded. The effect of coannihilations is to create an allowed band about 25-50 GeV wide in m 0 for m 1/2 < ∼ 950 GeV, or m χ < ∼ 400 GeV, which tracks above the mτ 1 = m χ contour [18] . Also shown in the figure are some phenomenological constraints from the lack of detection of charginos [19] , or Higgses [20] as well as constraints from b → sγ [21] and g µ − 2 [22] . The locations of these constraints are described in the caption. At larger m 1/2 , m 0 and tan β, the relic neutralino density may be reduced by rapid annihilation through direct-channel H, A Higgs bosons, as seen in Fig. 1(b) [1, 3] . Finally, the relic density can again be brought down into the WMAP range at large m 0 in the 'focuspoint' region close the boundary where EWSB ceases to be possible and the lightest neutralino χ acquires a significant higgsino component [23] . The start of the focus point region is seen in the upper left of Fig. 1b. 
Mastercode: Markov-Chain Monte-Carlo
It is well established that Markov-Chain Monte-Carlo (MCMC) algorithms offer an efficient technique for sampling a large parameter space such as the CMSSM or its variants. MCMC has been utilized in the Mastercode [24] framework which incorporates a code for the electroweak observables based on [25] as well as the SoftSUSY [26] , FeynHiggs [27] , SuFla [28] , SuperIso [29] , MicrOMEGAs [30] and SSARD [31] codes, using the SUSY Les Houches Accord [32] . The MCMC technique is used to sample the SUSY parameter space, and thereby construct the χ 2 probability function, P (χ 2 , N dof ). This accounts for the number of degrees of freedom, N dof , and thus provides a quantitative measure for the quality-of-fit such that P (χ 2 , N dof ) can be used to estimate the absolute probability with which the CMSSM describes the experimental data.
The results of the mastercode analysis include the parameters of the best-fit points as well as the 68 and 95% C.L. regions found with default implementations of the phenomenological, experimental and cosmological constraints. These include precision electroweak data, the anomalous magnetic moment of the muon, (g − 2) µ , B-physics observables, the bound on GeV, and the near-vertical (black) dashed line is the contour m χ ± = 104 GeV. The medium (dark green) shaded region is excluded by b → sγ, and the dark (blue) shaded area is the cosmologically preferred region. In the dark (brick red) shaded region, the LSP is the charged τ 1 . The region allowed by the E821 measurement of g µ − 2 at the 2-σ level, is shaded (pink) and bounded by solid black lines, with dashed lines indicating the 1-σ ranges. The curves marked LHC show the 95& CL exclusion region (to the left of the curves) for LHC sparticle searches at 1/fb. In (b), tan β = 55. Here, in the upper left corner, the region with no EWSB is shaded dark pink. the lightest MSSM Higgs boson mass, M h , and the cold dark matter (CDM) density inferred from astrophysical and cosmological data assuming that this is dominated by the relic density of the lightest neutralino, Ω χ h 2 . In addition one can include the constraint imposed by the experimental upper limit on the spin-independent DM scattering cross section σ SI p . A purely frequentist analyses of the CMSSM was performed in [6, 7, 8, 33, 34, 35] , in the NUHM1 in [8, 33, 34, 35] , and in the VCMSSM/mSUGRA in [36, 33, 34] .
In [7] , a pre-LHC analysis of the CMSSM was performed. The 68% and 95% confidencelevel (C.L.) regions in the (m 1/2 , m 0 ) plane of the CMSSM are shown in Fig. 2 . Also shown for comparison are the physics reaches of ATLAS and CMS with 1/fb of integrated luminosity [37, 38] . The likelihood analysis assumed µ > 0, as motivated by the sign of the apparent discrepancy in g µ − 2, but sampled all values of tan β and A 0 : the experimental sensitivities were estimated assuming tan β = 10 and A 0 = 0, but are probably not very sensitive to these assumptions. The global maximum of the likelihood function (indicated by the black dot) is at m 1/2 = 310 GeV, m 0 = 60 GeV, A 0 = 240 GeV, tan β = 11 and χ 2 /N dof = 20.4/19 (37% probability). Note that the best-fit point lies well within the LHC discovery range, as does the 68% C.L. region. As we wil see, by the end of 2011, the LHC has met this reach (at 7 TeV center of mass energy) and as sparticles have yet to be discovered, this region is mostly excluded at 95% CL (see sections 4 and 5 below). A more detailed view of the ∆χ 2 function for the CMSSM is shown in Fig. 3 . For other pre-LHC results see [39] . analysis at the 68% (blue) and 95% (red) confidence levels [7] . The best-fit point is shown by the black point. Also shown are the 5 σ discovery contours for jet + missing E T events at CMS with 1 fb −1 at 14 TeV, 100 pb −1 at 14 TeV and 50 pb −1 at 10 TeV centre-of-mass energy. The best fit points are indicated by a white dot and the 68% and 95% CL contours are the light and dark curves respectively [8] .
Results for the NUHM1
The cosmologically preferred regions move around in the (m 1/2 , m 0 ) plane if one abandons the universality assumptions of the CMSSM. As discussed above, if one allows the supersymmetrybreaking contributions to the Higgs masses to be non-universal (NUHM), the rapid-annihilation WMAP 'strip' can appear at different values of tan β and m 1/2 , as seen in Fig. 4 [14] . In the left panel, we show an NUHM1 (m 1/2 , m 0 ) plane for tan β = 10, A 0 = 0 and µ > 0 with m A = 500 GeV, and µ calculated using (1) . In addition to the constraints discussed above, we also plot contours of µ = 300, 500, 1000, and 1500 GeV (light pink). The thick green dot-dashed contour tracks the CMSSM parameters in the NUHM1 (m 1/2 , m 0 ) plane. The most prominent departure from the CMSSM is that the EWSB requirement constrains the plane at low m 0 rather than at large m 0 . In this region (below the CMSSM contour), the fixed value m A is larger than its corresponding value in the CMSSM, resulting in correspondingly larger m 2 1 and m 2 2 (smaller |m 2 2 |, since m 2 2 < 0). We see from (1) that, the effect is to drive µ 2 smaller, and eventually negative. The stau LSP exclusion regions are qualitatively similar to those in the CMSSM, however there is a (black shaded) region of the plane where the lighter selectron is the LSP. In this case, the co-annihilation region connects the analogue of the focus point region with small µ discussed above and heavy Higgs funnel region which now exists at tan β = 10 at m 1/2 ≈ 550 GeV and extends to large m 0 . Some of the co-annihilation region also extends to larger m 1/2 . In the right panel of Fig. 4 , we show the NUHM1 (m 1/2 , m 0 ) plane with µ = 500 GeV and m A calculated using (2) . At first glance, the (m 1/2 , m 0 ) plane with fixed µ has some similarities with those with fixed m A . There are excluded regions at very low (m 1/2 , m 0 ) where the pseudoscalar Higgs mass squared is negative, corresponding to the absence of electroweak symmetry breaking, surrounded by four contours of fixed m A = 300, 500, 1000, and 1500 GeV.
At small values of m 0 , extending out to large m 1/2 , there are excludedτ -LSP regions resembling those in the CMSSM. b → sγ excludes strips near the EWSB boundary. In addition to the coannihilation strip close to theτ -LSP boundary, another strip close to the EWSB boundary, and the curved rapid-annihilation funnels that appear at low m A , with strips of good relic density forming the funnel walls, there is a fourth, near-vertical strip, where the relic density is brought down into the WMAP range because of the large mixing between the bino and Higgsino components in the LSP. For smaller m 1/2 < 500 GeV, the LSP is almost pure bino, and the relic density is too large except in the narrow strips mentioned previously. On the other hand, for larger m 1/2 > 1000 GeV, the LSP is almost pure Higgsino, and the relic density falls below the WMAP range. It is also this change in the nature of the LSP that causes the boundary of thẽ τ LSP region to drop. Since theτ mass is affected only minimally by the value of µ, we find that τ -LSP region terminates at some value of m 1/2 related primarily to µ. At large m 0 in panel (b) of Fig. 4 , it is only in the 'crossover' strip that the relic density falls within the WMAP range. The CMSSM contour is a roughly vertical thick green dot-dashed line, the position of which is determined by the value of m A that one would find from the electroweak vacuum conditions in the standard CMSSM.
The results of the Mastercode (pre-LHC) analysis for the NUHM is shown in the right panel of Fig. 3 . The corresponding parameters of the best-fit NUHM1 point are m 0 = 150 GeV, m 1/2 = 270 GeV, A 0 = −1300 GeV, tan β = 11 and m 2 h 1 = m 2 h 2 = −1.2 × 10 6 GeV 2 or, equivalently, µ = 1140 GeV, yielding χ 2 = 18.4 (corresponding to a similar fit probability to the CMSSM) and M h = 120.7 GeV.
It is also possible to extract 1D likelihood functions for essentially any parameter of interest. Here, we show in Fig. 5 
Early Results from the LHC
As 2010 came to a close, we obtained the first results from the LHC on sparticle searches. These include several new constraints on SUSY using an integrated luminosity of ∼ 35/pb of data at 7 TeV. ATLAS has published the results of a search in multijet + / E T channels (ATLAS 0L) [40] that has greater sensitivity in some regions to the types of gluino and squark pairproduction events expected in the supersymmetric models discussed here than did the earlier ATLAS 1L search [41] , and has also released results obtained by combining the one-and zerolepton searches [42] . CMS has announced results from two other searches in multijet + / E T channels that improve the CMS α T sensitivity also to gluino and squark production in the models discussed here [43, 44] .
In addition, the XENON100 Collaboration has recently released results from a search for direct spin-independent dark matter scattering with 100.9 live days of data using a fiducial target with a mass of 48 kg [45] . As we see later, this provides constraints on the parameter spaces of supersymmetric models that complement those provided by collider experiments.
The impact of the 35/pb LHC data on the CMSSM parameter space is rather dramatic [33, 34, 35] (see also [46] ). In Fig. 6 , we display the planes for the CMSSM (left) and NUHM1 (right) driven by the ATLAS 0L and CMS MHT constraints but also taking into account the other 2010 LHC constraints, as well as the XENON100 constraint [34] . The best-fit points are shown as green stars and 68 and 95% CL regions are shown as red and blue lines, respectively and correspond to ∆χ 2 = 2.3 (red) and 5.99 (blue) relative to the best fit points. The pre-LHC results, taken from [33] , are displayed as 'snowflakes' and dotted lines, the post-2010-LHC/XENON100 results are displayed as full stars and solid lines [34] . [33, 34] .
In the CMSSM and the NUHM, the direct 2010 LHC constraints push the best-fit values of m 1/2 to significantly higher values, as well as their 68 and 95% CL ranges. The effect of the LHC on the best-fit values of m 0 is smaller, though there is a significant increase in the CMSSM that is correlated with the increase in m 1/2 . The positions of the best fit points pre/post LHC are collected in Table 1 . The total value of χ 2 and the number of degrees of freedom (dof) along with the fit probably (p-value) are also given. The final column shows the predicted value of the Higgs mass at the best fit point. Note there is a slight shift in the best fit points for the pre-LHC data due to changes in the input data used in the Mastercode analysis. LHC2010 includes the 35/pb LHC data as well as the XENON100 data. While one would expect two additional dof's, one dof (the Higgs mass constraint) is lost since the best fit point is pushed past the previous LEP sensitivity.
The LHC @ 1/fb
By mid 2011, the LHC results for sparticle searches based on 1/fb of analyzed data were released by the ATLAS [47, 48] , CMS [49, 50, 51] and LHCb Collaborations [52] . The absences of signals in the jets + / E T searches disfavour the ranges of the model mass parameters (m 0 , m 1/2 ) that had been favoured in our previous analyses of the CMSSM and NUHM1 [33, 34] , and our current best fits have m 0 ∼ 150 to 450 GeV and m 1/2 ∼ 750 GeV. Reconciling these larger values of (m 0 , m 1/2 ) with (g − 2) µ favours values of tan β ∼ 40, though with a large uncertainty. Fig. 7 shows the positions of the 68 and 95% CL contours with solid curves corresponding to the 1/fb data as compared with the pre-LHC (and pre-XENON100) results (dashed) [35] . Table 1 . Comparison of the best-fit points found in the CMSSM and NUHM1 pre-LHC (including the upper limit on BR(B s → µ + µ − ) available then), the LHC 2010 result (including XENON100) and with the LHC 1/fb data set (also including the XENON100 constraint) using the standard implementations of the (g − 2) µ constraint, followed by the case dropping (g − 2) µ . The predictions for M h do not include the constraint from the direct LEP Higgs search. In each plane, the best-fit point after incorporation of the LHC 1/fb constraints is indicated by a filled green star, and the pre-LHC fit [36] by an open star. The 68 and 95% CL regions are indicated in red and blue, respectively, the solid lines including the LHC 1/fb data and the dotted lines showing the pre-LHC fits [35] .
The positions of the best fit points at 1/fb are tabulated in Table 1 . We now find that the p-value for the CMSSM best-fit point is now ∼ 15%, and that for the NUHM1 is ∼ 16%. On the other hand, if the (g − 2) µ constraint is dropped much larger regions of the (m 0 , m 1/2 ) and other parameter planes are allowed at the 68 and 95% CL, and these p-values increase to 38% in both models. For comparison, the p-value for the Standard Model (including (g − 2) µ ) is 9%.
In Fig. 8 we show the 68% and 95% CL contours in the (mχ0 1 , σ SI p ) planes for the CMSSM (left) and the NUHM1 (right). The solid lines are based on our global fits including the LHC 1/fb constraints, whereas the dotted lines correspond to our previous fits using the pre-LHC constraints. In both cases, we assume Σ πN = 50 ± 14 MeV [53] 1 , and we include with the LHC 1/fb data the XENON100 constraint on σ SI p [45] . We see that the LHC 1/fb data tend to push mχ0 1 to larger values, and that these are correlated with lower values of σ SI p , though with best-fit values still ∼ 10 −45 cm 2 [35] . Figure 8 . The 68% and 95% CL contours (red and blue, respectively) in the CMSSM (left) and the NUHM1 (right). The solid lines are for fits including the XENON100 [45] and LHC 1/fb data, whereas the dotted lines include only the pre-LHC data [35] . It is interesting to note that based on the LHC 1/fb results, we have the predictions of the Higgs mass as seen in Table 1 of 119 and 125 GeV depending on whether (g − 2) µ is included in the analysis [35] . Specifically, the 1/fb fits included M h = 119.1 +3.4 −2.9 GeV in the CMSSM and M h = 118.8 +2.7 −1.1 GeV in the NUHM1 (which should be combined with an estimated theory error ∆M h = ±1.5 GeV). These two fits are based solely on the Higgs-independent searches including the (g − 2) µ constraint, i.e., they do not rely on the existing limits from LEP [20, 56] , the Tevatron [57], or the LHC [48, 50] . These predictions increase to M h = 124.8 +3.4 −10.5 GeV in the CMSSM and 126.6 +0.7 −1.9 GeV in the NUHM1 if the (g − 2) µ constraint is dropped. If indeed, the LHC has seen the Higgs at 125±1 (119±1) GeV, there are rather dramatic consequences for the supersymmetric parameter space [58] (see also [59] ). Since in the CMSSM and NUHM1 the radiative corrections contributing to the value of M h are sensitive primarily to m 1/2 and tan β, and only to a lesser extent to m 0 , we expect that the primary effect of imposing the M h constraint should be to affect the preferred ranges of m 1/2 and tan β, with a lesser effect on the preferred range of m 0 . This effect is indeed seen in both panels of Fig. 9 . We see that the 68% CL ranges of m 1/2 extend to somewhat larger values and with a wider spread than the pre-Higgs results, particularly in the NUHM1. However, the NUHM1 best-fit value of m 1/2 remains at a relatively low value of ∼ 800 GeV, whereas the best-fit value of m 1/2 in the CMSSM moves to ∼ 1900 GeV. This jump reflects the flatness of the likelihood function for m 1/2 between ∼ 700 GeV and ∼ 2 TeV. In Fig. 10 we show results for the preferred regions in the (mχ0 1 , σ SI p ) plane. As seen in Fig. 10 , the fact that larger values of m 1/2 and hence mχ0 1 are favoured by the larger values of M h implies that at the 68% CL the preferred range of σ SI p is significantly lower when M h ≃ 125 GeV, when compared to our previous best fit with M h = 119 GeV, rendering direct detection of dark matter significantly more difficult. Again, this effect on mχ0 1 is more pronounced in the CMSSM, whereas in the NUHM1 the value of mχ0 1 for the best-fit point changes only slightly. Fig. 8 [58] .
If instead, we assume an alternative potential LHC measurement M h = 119 ± 1 GeV, which corresponds to the CMS ZZ * signal and our earlier predictions including the (g − 2) µ constraint, we obtain the (m 0 , m 1/2 ) planes shown in Fig. 11 . Since this assumed LHC value of M h coincides with the previous best-fit values in both the CMSSM and NUHM1, the best-fit points in these models (indicated by the green stars in Fig. 11 ) are unaffected by the imposition of the putative LHC constraint. The effect of the hypothetical measurement restricting the range in m 1/2 is indeed seen in both panels of Fig. 11 , though for the 68% CL contour (shown in red) it is much more pronounced for the CMSSM than for the NUHM1. Fig. 7 [58] .
In this case, in both the CMSSM and the NUHM1 there is little impact on the 95% CL regions nor on the 68% CL region in the NUHM1 in the (m χ , σ SI p ) plane. The only substantial change, as can be seen in Fig. 12 , appears in the 68% CL region of the CMSSM, where now values of mχ0 , σ SI p ) planes in the CMSSM (left) and the NUHM1 (right), for M h ≃ 119 GeV. The notations and significations of the contours are the same as in Fig. 11 [58] .
The past year has shown an immense amount of activity. We have seen direct detection experiments (XENON100 [45] ) for the first time have a direct impact on supersymmetric parameter space making these data a necessary input to a global likelihood analysis. The LHC constraints have moved at a frightening pace. As reviewed here, starting with the 35/pb data, our notion of the best fit point in the CMSSM and indeed our prospects for low energy supersymmetry are greatly different as we start 2012 compared with the pre-LHC era.
